Carbon capture and sequestration of CO 2 from the combustion of fossil fuels in thermal power plants is expected to be important in the mitigation of climate change. Deployment however falls far short of what is required. A key barrier is the perception by developers and investors that these technologies are too inefficient, expensive and risky. To address these issues, we have developed a novel retrosynthetic approach to evaluate technologies and their design based on the demands of the system in which they would operate. We have applied it to chemical looping combustion (CLC), a promising technology, which enables carbon dioxide emissions to be inherently captured from the combustion of fossil fuels. Our approach has provided unique insight into the potential role and value of different CLC variants in future electricity systems and the likely impact of their integration on the optimal capacity mix, the operational and system cost, and dispatch patterns. The three variants investigated could all provide significant value by reducing the total investment and operational cost of a future electricity system. The minimisation of capital cost appears to be key for the attractiveness of CLC, rather than other factors such as higher efficiency or lower oxygen carrier costs.
Introduction
Climate change brought about by the anthropogenic emission of greenhouse gases (GHG), in particular CO 2 (Archer, 2005) , is one of the greatest challenges of the 21st century (IPCC, 2014) . Strategies to reduce emissions of CO 2 include reducing energy consumption, switching to fuels with a higher ratio of hydrogen to carbon in their composition, increasing the use of renewables and nuclear energy, enhancing the natural, biological sequestration of CO 2 and carbon capture and storage (IEA, 2013; IPCC, 2005) . Despite having access to a suite of mitigation options (International Energy Agency, 2012; Pacala and Socolow, 2004) , progress remains slow, relative to what is known to be required to meet the ambitious targets to which the world has agreed (United Nations Framework Convention on Climate Change, 2015).
A key barrier to deployment is the perception that, in the absence of subsidy, emerging energy technologies are too expensive or inefficient to be attractive to investors. They are also perceived as risky since they are not proven at a commercial scale. This is particularly the case for large-scale technologies such as power plants with carbon capture and storage (Oxburgh, 2016) . Another important problem with electricity systems which affects governments and technology developers is deciding which technologies should be implemented, given that only certain combinations are possible because back-up capacity is needed for intermittent generators and strict carbon constraints must be met. Specifying what is likely to be required of technologies by the system is therefore also difficult since it is dependent on the combination that is installed. Generally, only targets for cost reduction are set (Offshore Wind Programme Board, 2016) . This has been sufficient for the case of intermittent renewables that are generally able to feed electricity into the system whenever it is available. In other cases e.g. thermal power plants, it leaves developers hamstrung since further information is important such as load-following requirements and the capacity factors at which the plants are likely to operate.
For the reasons mentioned, many emerging technologies are unable to cross, what is commonly known as the 'Valley of Death', the gap between R&D and commercialisation. In this paper we seek to address these issues by using a novel approach, which we call 'retrosynthetic analysis and technology design'. It is termed 'retrosynthetic' since the approach is able to guide the synthesis, i.e. the design and development, of a technology so that it is optimised based on the requirements and demands of the system within which it would operate.
In our approach, a technology and its design is evaluated in the context of the system in which it might operate. This is first done using typical parameters for the technology to identify the role and value of the base case. Due to the uncertainty in the various parameters of a technology, an analysis follows where certain physical and technoeconomic parameters are varied within physically feasible ranges and based on relevant understanding and modelling from the process and sub-process scales. In this way key performance envelopes, sensitivities and normative budget guidelines can be identified. This detailed insight allows the current and future potential of the technology to be understood and so modifications to the design of the technology can be suggested, which would maximise its attractiveness for deployment. The key research activities required to achieve these modifications can also be highlighted. A schematic summarising the retrosynthetic approach is given in Fig. 1 .
In this paper, our approach has been applied to a promising technology for the production of low carbon electricity -chemical looping combustion (CLC). Modelling and simulations have been developed and on the experimental side, the CLC process has been proven up to 1 MWth (Ströhle et al., 2014a,b) and 3 MWth for a limestone CLC process (Andrus et al., 2012) . While such work gives confidence that CLC technologies could in principle be implemented at full scale, it does not identify constraints arising when the technology is deployed in an electricity system and cannot determine whether deploying CLC in future is worthwhile. This paper represents the first evaluation of this technology in the context of an electricity system. The application of our approach furthermore enables us to address the aforementioned issues and identifies a number of key research areas, apart from those associated with scale-up (Gauthier et al., 2017; Lyngfelt and Leckner, 2015) , to be tackled.
The remainder of this paper is structured as follows. Section 2 introduces chemical looping combustion and reviews the different variants of CLC available for electricity generation. Section 3 describes the electricity system model used and the three variants of CLC investigated. The results of the analysis are presented in Sections 4 and 5 and their implications are discussed in Sections 6 and 7. Conclusions are drawn in Section 8.
Chemical looping combustion
Carbon capture and storage (CCS) involves the capture of CO 2 arising from the combustion of fossil fuels and its subsequent permanent storage in a suitable location, e.g. depleted oil reservoirs or saline aquifers. If CCS were widely implemented in the power and industrial sectors, carbon capture and storage (CCS) could reduce mitigation costs by 27.5% (Victor et al., 2014 ), compared to scenarios where it is not used. Three conventional approaches exist for capturing CO 2 ; post-and pre-combustion capture and oxy-fuel combustion (Boot-Handford et al., 2014; IEA, 2013; MacDowell et al., 2010) .
Conventional CCS technologies require the addition of process elements, to conventional thermal power plants, leading to increased capital cost and reduced efficiency. CLC, at a marked change in the mode of combustion over conventional technologies, inherently produces a stream of CO 2 that is suitable for sequestration. The reduction in efficiency is therefore smaller than for other CCS technologies (DOE/NETL, 2014; Petrakopoulou et al., 2011; Zhu et al., 2015) . Many authors have suggested that CLC is one of the most economical for CO 2 capture (Adanez et al., 2012; Bhave et al., 2014; Ekström et al., 2009; Fan et al., 2012; IPCC, 2005; Kerr, 2005) International Journal of Greenhouse Gas Control 73 (2018) 1-15 
